ated the association between neovascular AMD and past PA, particularly a history of vigorous exercise, in a propensity scorematched sample comprising 211 960 individuals selected from the South Korean NHIS.
Methods

Database
The South Korean NHIS developed the Health Screening Cohort for research purposes. The Health Screening Cohort database includes approximately 510 000 randomly selected individuals aged 40 to 79 years who were enrolled in the South Korean National Health Screening Program in 2002 and 2003. These selected participants were followed up until 2013. The data include variables regarding health care utilization, health screening, and sociodemographic factors; a detailed cohort profile has been published previously. 17 The study protocol was approved by the institutional review board of Severance Hospital, Yonsei University College of Medicine, Seoul, South Korea, and informed consent was waived.
Study Cohort
At baseline (2002) (2003) , participants attended the National Health Screening Program in which demographic and lifestyle information, including that on PA, was collected and anthropometric measurements were performed. Individuals who met the following eligibility criteria were included in the present study: response to questions regarding PA; age 45 to 79 years in 2002; and available data regarding continuous variables, including body mass index (BMI [calculated as weight in kilograms divided by height in meters squared]), blood pressure, and other variables, except for age, within the top and bottom 1%. Patients exhibiting any stage of AMD based on diagnostic code in 2002 and 2003 were excluded. A detailed diagram of the study population and those excluded is presented in Figure 1 . Propensity score matching of the study cohort was performed according to propensity scores based on 42 potential baseline confounders, including age, medical history and examination results, history of prescription drug use, and utilization of medical care (variables in the eTable in the Supplement). Details regarding diagnostic codes for comorbidity are provided elsewhere. 16 
PA Status
The South Korean National Health Screening Program used a standardized questionnaire for ascertaining PA status. 18 Participants were asked the question, "On average, how many times a week do you exercise vigorously? 'Vigorously' means 'making you sweat.'" Possible responses were never, 1 to 4 times, or 5 or more times per week. Participants were classified into 1 of 2 groups (no-PA or PA) according to their responses. For evaluation of a dose-dependent association, individuals in the PA group were further subdivided according to whether exercise was performed 1 to 4 times (moderate-PA) or 5 or more times (high-PA) per week.
of disqualification by the NHIS (mainly death), incidence of neovascular AMD, or last visit to any medical care facility within the end of the study period (December 31, 2013) (eFigure in the Supplement). If enrolled participants did not visit any medical practitioner throughout the study period, the database did not include information about disease. The primary end point of the study was the incidence of neovascular AMD. For incidence estimates, the date of the earliest claim with the registration code and ranibizumab use was defined as the index date. Registration of a copayment assistance policy and ranibizumab use for treatment of newly diagnosed neovascular AMD in South Korea has been described in detail elsewhere. 16, 19 Briefly, from August 1, 2009 , onward, patients with neovascular AMD benefited from a copayment assistance policy from the NHIS in which patient expenses were decreased to 10% of the total cost. The South Korean Health Insurance Review and Assessment Service reviews the necessity of ranibizumab use based on the findings of fundus photography and fluorescein angiography and reimburses 90% of the cost to the medical practitioner. Therefore, ranibizumab use from August 1, 2009, indicated a diagnosis of recently developed active (wet) neovascular AMD by an ophthalmologist.
Statistical Analysis
A propensity model for vigorous PA (yes/no) was developed. Propensity scores for individuals in the PA group were estimated using logistic regression of 42 potential confounders (eTable in the Supplement). The PA group and no-PA group were then matched according to propensity scores in a 1:1 ratio based on 8→1 digit matching. Descriptive statistical analysis of the entire and propensity score-matched cohorts was performed to estimate the incidence of neovascular AMD per 10 000 person-years, as well as age-and sex-adjusted hazard ratios (HRs) from Cox proportional hazards regression models. Cumulative incidence of neovascular AMD from August 1, 2009, to December 31, 2013, was described using a KaplanMeier survival curve. Dose-dependent association between PA status and neovascular AMD was evaluated from data obtained from the propensity score-matched cohort. In the study design phase, subgroups were defined using the baseline characteristics of the age and sex subgroups. 20 
Results
Characteristics of the Study Cohort
A total of 299 076 participants met the inclusion criteria, including 173 437 participants in the no-PA group and 125 639 in the PA group (Table 1 and eTable in the Supplement). Patient demographic and clinical characteristics in the entire unmatched cohort varied between the 2 groups. Participants in the PA group were more likely to be younger and exhibit fewer instances of comorbid conditions or use of medical care than those in the no-PA group. However, the incidence of neovascular AMD was higher in the PA group (299 [0.24%]) than in the no-PA group (326 [0.19%]) (P = .003). After 1:1 propensity score matching, a total of 211 960 participants, including 105 980 from the no-PA and PA groups, were included in the analysis (Table 1 ). In the propensity scorematched cohort, all variables except the incidence of AMD were similar between the 2 cohorts; the incidence of neovascular AMD was higher in the PA group (250 [0.24%]) than in the no-PA group (198 [0.19%]) (P = .01).
Incidence of Neovascular AMD According to PA Status Table 2 presents the HRs for neovascular AMD in the matched cohorts. The risk for neovascular AMD among the PA group was significantly higher than that among the no-PA group in propensity score-matched cohorts (age-and sex-adjusted HR, 1.23; 95% CI, 1.02-1.49). The risk for neovascular AMD in the age subgroups (45-64 and 65-79 years) exhibited a similar result; however, HRs for the younger subgroup were greater than those Of the unmatched whole cohort, 173 437 were not physically active and 125 639 were physically active. Of the propensity score-matched cohort, 105 980 were not physically active and 105 980 were physically active. AMD indicates age-related macular degeneration.
for the older subgroup. This association was different between the sexes, as it was only observed in men (ageadjusted HR for men, 1.36; 95% CI, 1.09-1.69; age-adjusted HR for women, 0.90; 95% CI, 0.62-1.32). The Kaplan-Meier survival curve demonstrated a clear difference in the incidence of neovascular AMD between the no-PA and PA groups in men ( Figure 2A) . Hazard ratios for the high-PA group were greater than those for the moderate-PA and no-PA groups in the propensity scorematched cohort (HR for high-PA, 1 but not in women. This result was also reflected in the survival curve for cumulative incidence of neovascular AMD in Figure 2B . eAppendix 1 in the Supplement summarizes BMI-based subgroup analyses in terms of the dose dependence of PA for the risk of neovascular AMD among men aged 45 to 64 years. In terms of the level of PA, in men with a BMI less than 23.88, the risk for neovascular AMD was greater in the high-PA group (HR, 2.53; 95% CI, 1.46-4.40), and a trend was also observed (HR, 1 for no-PA group as a reference group; HR, 1.88 for PA 1-4 times/wk; HR, 2.53 for PA ≥5 times/wk; P < .001 for trend). The sensitivity analyses are provided in eAppendixes 2 to 4 in the Supplement.
Discussion
The present study investigated the association between past vigorous PA and prospective development of neovascular AMD in a nationwide sample of 211 960 matched participants (888 466 person-years). It is generally understood that PA tends to have a positive association with health, including, but not limited to, cardiovascular disease. We revealed an unexpected association between higher levels of vigorous PA and an increased risk for neovascular AMD in men; no association was found for women. In men between ages 45 and 64 years, a clear dose-dependent relationship between intensity of past vigorous PA and neovascular AMD was observed, which was particularly pronounced among the relatively slender group (BMI <23.88).
To our knowledge, few studies have focused on past vigorous PA in association with neovascular AMD, and the conclusion remains unclear. Regular PA is generally accepted as a lifestyle factor for improving health, particularly cardiovascular health; however, the findings of this study suggest otherwise. Furthermore, this negative association between past vigorous PA and neovascular AMD was limited to men. The results of this study should be interpreted carefully given the lack of a strong biological rationale, the possibility of uncontrolled confounding factors, and the focus on a single East Asian country.
Because we balanced many confounding factors between the PA and no-PA groups in this propensity scorematched analysis, our control group was relatively healthy even though they did not exercise regularly. In particular, our control group comprised participants who had a relatively healthy BMI (24.1 and 24.2 in the PA and no-PA groups, respectively), healthy physical examination values, relatively few comorbid conditions (Charlson Comorbidity Index, 0.5), and relatively less frequent use of medical resources ( Table 1 ). The most important risk factor for neovascular AMD is age, and the fact that the no-PA group had a healthy status-despite the lack of PA-suggests that their biological age was younger than their chronologic age.
The difference in the results between men and women is notable. The prevalence of neovascular AMD has been reported to be similar for sex or higher in women of European ancestry.
24,25 However, a previous study in South Korea showed that the incidence of neovascular AMD in men was approximately 2 times higher than that in women, 26 and our present results also reflected this finding. This disparity was explained in part by the dominance of polypoidal choroidal vasculopathy in Asian men. 27, 28 The sex difference in the disease type and prevalence in the Asian population, including South Korea, may cause the sex-dependent association between neovascular AMD and PA. However, the finding that PA affects only men lacks a clear biological rationale; additional studies are needed to confirm this finding. Although PA has generally been reported to be associated with reduced risks for cardiovascular diseases, some Abbreviations: AMD, age-related macular degeneration; HR, hazard ratio; NA, not applicable.
Research Original Investigation
Association Between Physical Activity and Neovascular Age-Related Macular Degeneration studies have reported that strenuous or frequent PA was associated with markedly higher risks for those diseases. 29,30 A 13-year follow-up study using the Swedish National Patient Registry suggested a U-shaped association between total PA and heart failure risk among men. Another large-scale study performed in the United Kingdom also suggested a U-shaped association between various types of cardiovascular events and any frequent PA. 29 In this regard,
we cautiously suggest that exercise may not always have favorable effects in terms of the development of neovascular AMD. As mentioned above, there is a fundamental limitation in the cross-sectional approach because visual impairment is one of the most important confounders of PA.
12-14 Therefore, a large-scale longitudinal study would be indispensable for gaining understanding of any temporal relationship between PA and AMD. To our knowledge, there are only 4 previous studies that have investigated neovascular AMD rather than early AMD. First, the 15-year cumulative results of the Beaver Dam Eye Study 6 suggested that individuals with an active lifestyle, defined as regular activity 3 or more times per week, were less likely to develop exudative AMD (odds ratio, 0.3) than were those without an active lifestyle. However, in terms of average stair-climbing as a PA, an inverse U-shaped association was observed in the same study: the incidence was lower in groups in which individuals answered no to a query on climbing stairs (1.8%) or more than 6 flights (highest level, 1.7%) than in the 2 groups between these extremes (1-3 flights [2.1%] or 4-6 flights [2.9%]). 6 The Melbourne Collaborative Cohort Study 9 also used past PA, particularly vigorous exercise, similar to the present study and could not conduct an adequate analysis for late AMD due to the small number of cases of late AMD in men (n = 8) or women (n = 9) who exercised vigorously.
In the same report, in terms of recreational activity, the most active recreational activity group exhibited a greater relative risk ratio ( Previous studies have reported that higher BMI increased the risk for progression to the advanced forms of AMD. 22 Body mass index is a major confounding factor at baseline, and our exploratory analysis of the effects of BMI on incident neovascular AMD demonstrated that BMI did not affect the incidence of neovascular AMD (eAppendix 1 in the Supplement). Because we performed a sophisticated propensity score-matching analysis using 42 confounders, we believe that we were able to evaluate the effect of PA alone. Finally, our results suggest that nonobese men (BMI <23.88) are the most likely to be at high risk for neovascular AMD when exercising vigorously (to the point of sweating) 5 or more times per week (eAppendix 1 in the Supplement).
In terms of mechanism, the choroid is a sensitive part of the eye, and thickness varies with changes in body position 31 ; therefore, excessive exercise would affect the local circulation in and around the choroid, which may in turn be associated with angiogenesis. However, epidemiologic studies cannot provide any evidence for the mechanism or pathology and, therefore, experimental studies should be pursued.
Limitations
The present study has the following limitations: (1) the inaccuracies of outcome variables based on claims data and exposure variables based on self-reporting, (2) existence of survival bias, and (3) difficulty of generalization due to race/ 
Conclusions
The findings of our longitudinal study demonstrate an unexpected and negative link between past vigorous PA and subsequent risk for neovascular AMD in the East Asian population. We emphasize that these results were generated from a relatively healthy comparison group who are as healthy as those who exercise, even though they do not engage in any form of regular PA. This unexpected association appears to be different between men and women. Finally, frequent vigorous PA in young men aged 45 to 64 years was associated with a higher incidence of neovascular AMD. Although no strong biological rationale exists for such an effect of PA on neovascular AMD as well as the differences between the sexes, we cautiously suggest that PA needs to be re-evaluated as a predictive factor for neovascular AMD and more accurate further studies, based on precision medicine using individual sensor-based life-logging data, should be pursued. Additionally, higher intensity PA was associated with a higher risk for neovascular AMD (P < 0.001 for trend). In men with a BMI ≥ 23.88 kg/m 2 , the risk for neovascular AMD was very high in the high PA group and a trend was also clearly observed (HR: 1 for No-PA group as a reference group; HR: 1.88 for PA 1-4 times per week; HR: 2.53 for PA ≥ 5 times per week, P < 0.001 for trend). In men with a BMI ≥ 23.88 kg/m 2 , the risk for neovascular AMD was greater only in the high PA group (HR: 1.49), and was not shown to be greater in the moderate PA group (HR 1.10) (P = 0.156 for trend). Figures A and B show the differences in risks for neovascular AMD in low and high BMI groups: The effect of a higher incidence of neovascular AMD among men in the higher PA group was more pronounced in the lower BMI (< 23.88 kg/m No. of AMD A u g 0 9 J a n 1 0 J a n 1 1 J a n 1 2 J a n 1 3 J a n 
. Survival Average Causal Effect (SACE)
Death is one of the most important confounding factors in this study. We illustrated the application of the survivor average casual effect (SACE) when estimating the association between physical activity (PA) and neovascular age-related macular degeneration (AMD). Detailed methods for SACE for late AMD have been described elsewhere. 2 In order to perform this sensitivity analysis, we chose another dataset from the Health Screening Cohort (HEALS). This newly selected dataset included 138,541 men aged ≥ 45 years in 2002. Among the total of 138,541 men, 4394 men (3.2%) died before the index date (Aug 1, 2009 ), 288 (0.21%) patients had neovascular AMD, and 47545 participants were not graded. We assumed that participants who had not visited ophthalmologists during the study period were not graded participants. There were 66,903 (48.3%) and 71,638 (51.7%) men in the No-PA group and in the PA group, respectively. We provided SACE Odds Ratios (SACEOR) with bias-corrected bootstrap (3000 iterations) and 95% confidence intervals (CI), for when the sensitivity parameter ( ) changed from 1, 1/2, 1/3, 1/4, 1/5, 1/6, and 1/7.
2 Finally, for SACEOR, we assessed another study population from the same original dataset (HEALS), and this sensitivity analysis also supported our main findings: vigorous PA was associated with a greater risk for neovascular AMD.
Estimated values of the survivor average causal effect (SACE OR ) for the association between vigorous physical activity (PA) status and neovascular age-related macular degeneration (AMD). The PA group was compared to the No-PA group. The current study was based on the use of a large-scale dataset on neovascular AMD, a rare disease, which has been successful in yielding appropriate statistical results using past physical activity (PA). This study is, however, vulnerable to inaccurate measurement of self-reported PA habits. In addition, the situation at the time of completing the questionnaire does not represent the situation of PA throughout life. Nevertheless, evaluations using IPAQ-based or simple self-reported PA 3 have produced valuable results to date. Moreover, our sensitivity analyses using IPAQ supported our unexpected results. Survival bias is the one of the important factors in our study design. There is a small difference in the total followup period between the PA and No-PA groups, approximately 800 person-years overall. Moreover, in subgroups of men aged between 45 and 64 years, which was the most prominent group (in the table), the follow-up period was shorter in the PA group than in the No-PA group, i.e., about 3,000 person-years. However, we set out to verify our results by using two different approaches to sensitivity analyses. We had previously speculated on the possible scenarios of ranibizumab use during the initial period of inclusion of ranibizumab under NHIS coverage in South Korea. 4, 5 However, despite the various possibilities, particularly that of underestimation, prescription of ranibizumab was strictly limited to individuals in the active stages of neovascular AMD. Another limitation of our study is the possibility of differences in disease patterns, such as those of polypoidal choroidal vasculopathy, among the Asian population. 6 In addition, Korean society has changed radically and has recently become more westernized. Since approximately the early 2000s, many Koreans have devoted greater attention to a healthy lifestyle, and this interest has positively influenced their way of living, including regular participation in PA. 7 Therefore, caution must be needed for generalizing our results to Western countries.
